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INTRODUCTION
M olar crowns are subjected to high chewing stresses, and thus are vulnerable to fracture. Two clinical failure types are reported: occlusal surface fracture originating from the contact site ( Fig. 1a) (Scherrer et al., 2001; Sailer et al., 2006) ; and bulk fracture initiating from the cementation surface directly beneath the contact (Fig. 1b) (Kelly et al., 1995; Scherrer et al., 2001) . Posterior tooth contact in a chewing cycle begins with an eccentric contact of the mandibular buccal cusps with the inner inclines of the maxillary buccal cusps, followed by a sliding movement through centric occlusion, and then lifting off (Fig. 1c ). The average length of the sliding path of a first molar is ~ 0.5 mm (DeLong and Douglas, 1983) . A typical inner incline of the maxillary buccal cusps has a radius of ~ 10 cm and an inclination angle of ~ 30° (DeLong and Douglas, 1983) . Since the sliding path is much shorter than the radius of the cusps, the sliding movement can be visualized as a straight-line motion of a spherical indenter on the surface of a flat brittle layer (crown), supported by a compliant substrate (tooth dentin) with an inclination angle = 30° (Fig. 1d ).
Previous studies have reported that sliding contact generates a series of partial cone cracks on the occlusal surface, which propagate deeper and faster than the outer and inner cone cracks associated with axial fatigue loading (Lawn et al., 1984; Kim et al., 2007; Zhang et al., 2008) . However, the effects of loading an inclined surface, i.e., off-axis loading (Fig. 1d ), on damage evolution of flexure-induced cementation surface radial cracks in addition to sliding-induced occlusal surface partial cone cracks have not been investigated. Since there are different types of damage modes, competition may exist. This study sought to address these issues by using mouth-motion-like fatigue with off-axis loading configuration ( = 30°) ( Fig. 1d ) on ceramic layers on compliant substrates with axial loading control ( = 0°) ( Fig. 1e ). Soda-lime glass plates bonded to polycarbonate substrates were used as a model system, because glass is transparent, permitting the in situ observation of crack evolution. In addition, ongoing research from our laboratory found the same damage modes in Hertzian contact fatigue of glass-ceramic layers silanated and cemented to dental composites (Z100, 3M ESPE, St. Paul, MN, USA) (Rekow et al., 2007; Silva et al., 2008) as in glass layers on polycarbonate substrates. As we gain a solid understanding of these flat-layer systems, we are gradually introducing complexities in specimen geometries, approaching the actual tooth/crown function.
MATERIALS & METHODS

Materials Systems
Soda-lime glass plates (25 x 25 x 1 mm; Daigger, Wheeling, IL, USA) were polished on their side surfaces for in situ viewing during testing. The top surfaces of the glass plates were abraded with 600-grit SiC to generate an ABSTRACT Ceramic restorations, whether monolithic (single layer) or porcelain-veneered, often chip and fracture from repeated occlusal loading. Occlusion involves the opposing tooth sliding along the cuspal incline surface with an applied biting force (off-axis loading). We hypothesized that off-axis contact-load-slide-liftoff fatigue, as compared with normal axial fatigue loading, produces different fracture modes and fatigue lifespans of layered ceramics. Monolithic glass plates were epoxy-bonded to polycarbonate substrates as a transparent model for an all-ceramic crown on dentin. Off-axis and axial (control) cyclic loading was applied through a hard sphere in water, with a mouth-motion machine. The off-axis loading is more deleterious for contact-induced occlusal surface fracture, but less harmful for flexureinduced cementation surface fracture of brittle layers than the axial loading. This is because of the tangential load component associated with the off-axis loading. Clinical relevance is discussed.
KEY WORDS: off-axis loading, fatigue, cementation radial fracture, occlusal partial cone fracture, layered ceramic structures. adequate flaw density for cone crack initiation. The glass plates were randomly divided into two groups. In the first group, the bottom surfaces of the plates were etched with 9.5% hydrofluoric acid for 5 min to remove surface flaws and to avoid flexureinduced bulk fracture from the cementation interface, so that the top surface damage maps could be constructed. In the second group, the bottom surfaces were grit-blasted with airborne alumina particles (mean particle size, 50 m, with 276 KPa compressed air pressure for 5 sec at a stand-off distance of 10 mm) to introduce flaws for radial crack initiation (Zhang et al., 2004 (Zhang et al., , 2006 . Plates were then joined to the polycarbonate substrates (12.5 mm thick; AlN Plastics, Norfolk, VA, USA) with a thin layer (~ 10 to 20 m) of epoxy adhesive, which was allowed to cure for 48 hrs.
Fatigue Tests
To facilitate direct comparison of the damage responses of brittle layers on compliant substrates under axial ( = 0°) and off-axis ( = 30°) loading, we carried out Hertzian indentation fatigue tests on glass/polycarbonate bilayers with spherical tungsten carbide indenters of radius r = 1.5 mm in water, using a mouth-motion simulator (Elf 3300, EnduraTEC Division of Bose, Minnetonka, MN, USA). Each load cycle consisted of the indenter coming into contact with the specimen, loading to a maximum, holding for 0.35 sec, unloading, and lifting off. A loading and unloading rate of 1000 N/sec was used. For axial loading, the specimen was mounted onto a horizontal block, and the entire contact-load-hold-liftoff cycle was restricted to the vertical direction. For off-axis loading, the specimen was mounted onto an inclined block ( = 30°, Fig. 1d ). Load was applied in the vertical direction, but the loading consisted of a contact-load-slide-liftoff sequence, i.e., the indenter coming into contact with the specimen, loading to a maximum while sliding down the surface to create a wear facet ~ 0.5 mm in length, unloading, and lifting off from the specimen surface. The off-axis loading configuration resulted in superposed normal and tangential load components P n = P cos and P t = P sin , producing a coefficient of friction = P t /P n = tan = tan 30°= 0.58 (Fig. 1d ). Previous study showed that only the normal load P n is responsible for the cementation surface radial fracture (Lee et al., 2001) . Thus, the rationale used for the selection of maximum fatigue loads for the onset of radial cracks was that the normal load component P n in off-axis loading was equivalent to the maximum load P in axial loading. The current fatigue tests were designed to determine the number of cycles to failure n F for a range of prescribed maximum loads, 50 to 510 N. This load range covered most of the load values recorded during mastication and swallowing (~ 5 to 364 N) (Kelly, 1999) . Failure of brittle layers on compliant substrates was defined when one of the top, occlusal surface crack systems reached the ceramic/cement interface, or when large, cementation surface radial cracks (typically 5 to 10 mm in the lateral dimension) 'popped in'. The definition of failure by cementation surface radial cracking, unlike that for occlusal surface damage, is its initiation. This is because (1) radial cracks initiate at a large size, typically 5 to 10 mm in the lateral dimension, which is in the same scale as a molar crown; and (2) radial cracks seldom merge to the flat specimen surface, but rather extend sideways to the specimen edges, due to the development of a compressive stress zone in the vicinity of the occlusal contact area.
At least 3 specimens were tested for each prescribed fatigue load and for each loading condition (axial or off-axis). All tests were recorded by means of a video camcorder (Canon XL1, Canon, Lake Success, NY, USA) equipped with a microscope zoom system (Zhang et al., 2005b) . Damage maps were constructed for glass/polycarbonate bilayers. An analysis of covariance (ANCOVA) was used to compare the number of cycles to failure as a function of loading condition (axial or off-axis) and prescribed maximum load. In all cases, cycles to failure and the maximum fatigue load were log 10 -transformed. No overlap of the 95% confidence bound between the experimental groups was considered as significant. (Scherrer et al., 2001) . (b) Bulk fracture from the cementation surface of an In-Ceram upper left first molar crown (glass-infiltrated 95% Al 2 O 3 framework veneered with aluminous porcelain), 3.5 yrs in service (Scherrer et al., 2001) . The aluminous porcelain veneer was comprised of a combination of feldspath and alumina, so that its coefficient of thermal expansion matched that of the respective cores. The occlusal surfaces of these crowns were glazed after adjustment of intra-oral occlusion. The internal surfaces of the crowns were untreated prior to cementation with glass-ionomer cements. 
RESULTS
Crack Morphology
In bottom cementation surface-etched glass plates on polycarbonate bilayers, cone cracks were the dominant mode of fracture, but differed in evolution for axial and off-axis loading (Figs. 2a, 2b) . In axial fatigue loading at P = 120 N ( Fig. 2a) , side-view video frames showed that the outer cone initiated first and propagated downward and outward, with a shallow angle ␣ = 22 ± 5° relative to the specimen surface. Inner cone cracks formed within the contact region from the occlusal surface and propagated downward at a relatively high rate and steep angle (55 ± 15°). In off-axis fatigue loading at P = 120 N (Fig. 2b) , a series of partial cone cracks (distorted outer cones of axial loading) formed in the first contact-load-sliding-liftoff cycle. Side-view images revealed trailing edges of the partial cones having an inclination angle ␣Ј = 52 ± 10°, which was much steeper than for classic outer cones in axial loading (␣ = 22 ± 5°). Intrusion of water into the inner or partial cone cracks was evident, especially during the loading or sliding cycle, respectively. When inner or partial cones reached approximately halfway through the glass thickness, they began to experience the plate-flexure-induced tensile stresses and surged abruptly to the glass polycarbonate interface. The main difference between the two loading conditions, for bottom surface-etched specimens, was propagation of the partial cones to the glass polycarbonate interface under off-axis loading, rather than the inner cones in the axial loading.
Post mortem occlusal views of the respective side-view specimens (Figs. 2a, 2b) following fatigue failure are included for comparison ( Figs. 2c, 2d) . A set of complete concentric ring cracks centered at the indentation site formed in axial loading (P = 120 N, n = 19,852; Fig. 2c ), while an elongated wear track consisting of a series of closely spaced incomplete ring cracks formed at the trailing edge of the sliding indenter in off-axis loading (P = 120 N, n = 22; Fig. 2d ).
In bottom-surface grit-blasted glass plates on polycarbonate substrates, cementation radial cracks formed in addition to the above-described occlusal surface cone cracks. Side and cementation surface views revealed the onset of radial cracking in glass/polycarbonate structures subjected to axial loading at P = 75 N after n = 514 cycles ( Fig. 3a) and off-axis loading at P = 86 N (P n = P cos 30°= 75 N) after n = 547 cycles (Fig. 3b) . These large radial cracks initiated from the cementation surface and propagated sideward and upward.
Damage Maps
Damage maps (load-cycles-type of failure) are reported for top, occlusal surface damage (Fig. 4a) and bottom, cementation surface damage (Fig. 4b) in a glass/polycarbonate system subjected to axial and off-axis fatigue loading. In the case of axial loading, failure was from outer cone cracks at high loads (unfilled symbols) and inner cone cracks at low loads (grey symbols). In the case of off-axis loading, failure was exclusively from partial cone cracks. Statistical analysis (ANCOVA) revealed that, for a given load P, off-axis loading resulted in a significantly lower number of cycles (by over 2 orders of magnitude; Fig. 4a ) to propagate contact-induced occlusal cone cracks to the glass/polycarbonate interface, but a higher number of cycles (by a factor of 5; Fig. 4b ) to initiate flexure-induced cementation surface radial cracks compared with axial loading.
DISCUSSION
This paper has investigated the influence of off-axis fatigue loading on crack modes and the fatigue life of brittle layer structures, using a hard sphere on glass/polycarbonate bilayers as a model system. Definitive experiments have been conducted with off-axis loading (with an inclination angle = 30°, analogous to tooth contact during mastication) and normal axial loading ( = 0°). Our findings show that off-axis loading is highly deleterious for contact-induced occlusal surface cone fracture, reducing the fatigue lifespan of a glass plate due to cone fracture by over 2 orders of magnitude compared with axial loading. Off-axis loading, however, is less harmful for flexure-induced radial fracture, increasing the fatigue lifespan owing to radial fracture by ~ 5 times relative to axial loading.
In off-axis loading, the normal specimen surface is tilted at an angle relative to the loading axis, equivalent to loading a maxillary first molar on the buccal incline surface and sliding downward to the centric occlusal position. At a critical load, a cone crack forms with its orientation (the cone axis) in the direction of applied load P. When the inclination angle is larger than the cone angle, i.e., > ␣ [for soda-lime glass, ␣ Ϸ 22° ( Kocer and Collins, 1998) ], a part of the virtual cone crack protrudes from the surface, resulting in a partial cone configuration. Explicit equations A1, A4, and A5 (Appendix A) quantitatively predict that the penetration depth hЈ and angle ␣Ј of partial cone cracks for off-axis loading are greater than those for axial loading. The greater the inclination angle , the deeper the partial cone penetrates. In addition, once partial cones form, they propagate at a faster rate than the outer or inner cones in axial loading. Previous studies showed that outer cones experience only tensile stresses throughout the entire contact-load-liftoff cycle and, thus, are driven predominantly by a slow-crack-growth mechanism (Bhowmick et al., 2005; Zhang et al., 2005a) . Inner cones and partial cones are subjected to both tensile and compressive stresses and, hence, are driven by hydraulic pumping in addition to slow crack growth (Kim et al., 2007) . However, partial cones experience an enhanced compressive stress at the full engulfment of the indenter and an intensified tensile stress at the trailing edge of the moving indenter, owing to the friction-associated tangential load component (Appendix A). Inner cones experience only smaller tensile stresses and must undergo an incubation stage during which they are completely trapped in the Hertzian compression zone (Kim et al., 2007) .
We now consider internal radial fracture, originating from the cementation interfaces. In off-axis loading, the applied load P can be resolved to the normal load P n and a tangential load P t . Only the normal load P n = P cos is responsible for the initiation of cementation surface radial cracks. For = 30°, the normal load component P n is ~ 87% of the applied load P. However, for a steeper inclination angle = 60°, the normal load component P n is reduced to ~ 50% of the applied load P. Therefore, an inclined angle is beneficial for preventing bulk radial fracture. The greater the inclination angle , the higher the load is required to initiate radial cracking (Eqs. B1 and B2, Appendix B).
The current study shows that the cuspal angulation has two-fold effects on damage evolution in a layered ceramic structure on a compliant substrate. A large inclination angle facilitates cone fracture at the occlusal surface, but prevents radial fracture from the cementation surface. Cementation radial cracking could develop into bulk fracture, leading to catastrophic failure of ceramic restorations. Occlusal cone Figure 4 . Plot of number of cycles n F to failure as a function of maximum load P in glass/polycarbonate bilayers for (a) occlusalsurface cone fracture and (b) cementation-surface radial fracture following axial and off-axis fatigue. In (a), the maximum fatigue loads P investigated were 75, 120, 160, 200, 300, 350, 400, 450, and 510 N for axial loading, and 50, 75, 120, 160, 200, 250, and 290 N for offaxis loading. In (b), the maximum fatigue loads P used were 60, 75, 80, 99, 109, and 119 N for axial loading and 69, 86, 93, 114, and 129 N for off-axis loading. Indentation with a tungsten carbide sphere (radius r = 1.5 mm), in water. Failure occurred when occlusal cone cracks penetrate to the glass/polycarbonate interface or cementation radial cracks 'pop in' at a critical number of cycles n F . cracking may result in chipping of ceramic restorations or penetrate to the ceramic/cement interface (monolithic crowns) or veneer/core interface (veneered crowns). Although occlusal cone cracks may not result in catastrophic failure of the ceramic restoratives, as may cementation radial fractures, they may nevertheless provide pathways for external elements to the interior of the layer system. In the case of weak interfaces, cone cracks can promote interlayer delamination. Therefore, for design of monolithic (single layer) ceramic crowns, a thick ceramic layer coupled with a large cuspal angulation is recommended, to prevent bulk fracture from cementation radial cracking, so as to inhibit fatigue failure from occlusal cone fracture.
We acknowledge that dental crowns have complex geometries. Flat specimens have limitations in demonstrating other fracture modes, such as margin fracture. Studies of single-cycle loading on curved structures have revealed margin fracture (Qasim et al., 2007) , similar to those observed clinically (Qasim et al., 2005) .
